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ABSTRACT 
 
Quagga Mussels (Dreissena bugensis) are an invasive species of mollusk that 
have established themselves within the Colorado River system of Arizona since 2007. 
However, despite close proximity and frequent travel by recreational boaters between 
reservoirs, they have not yet infested the Salt River or Verde River systems. Laboratory 
experimentation was done to test the survival rate of adult D. bugensis specimens in 
waters collected from Bartlett Lake (Verde River), Saguaro Lake (Salt River), and Salt 
River Project (SRP) canals (Salt River/Verde River/Colorado River blend) as well as 
Central Arizona Project (CAP) canals with the addition of turbidity to simulate high 
runoff storm events. Under each condition, adult survival for a time period of 21 days 
exceeded 98%, ruling out water chemistry or turbidity as a factor. Spawning was 
investigated using mussels collected from Lake Pleasant in August 2015. In 4 trials of 
serotonin dosage between 0.5 – 1.0 mMol, spawning was not successful. Calanoid 
copepod predation was also investigated by field sampling at Lake Pleasant, Saguaro 
Lake, and Bartlett Lake during September 2015. Calanoid copepods were identified in 
Lake Pleasant at a density of 104.22 individuals per cubic meter at a depth of 2 meters 
and 9.75 individuals per cubic meter at the surface. Calanoid copepods were not found in 
Bartlett Lake or Saguaro Lake, ruling out copepod predation as a factor. Finally, 
dissolved oxygen and temperature trends were analyzed in each reservoir. While 
temperature profiles are similar throughout the year, seasonal drops in dissolved oxygen 
below survivable concentrations for D. bugensis has been observed in both Saguaro Lake 
and Bartlett Lake but not Lake Pleasant, representing the most plausible explanation for 
no observed infestation. 
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CHAPTER 1 
INTRODUCTION AND OBJECTIVES 
Introduction 
D. bugensis, commonly known as the Quagga Mussel, has become one of the 
most prominent invasive aquatic species in North America. Since its accidental 
introduction into the Great Lakes in the late 1980s, the infestation has spread down the 
Mississippi River, through rivers and lakes across the Midwest, and eventually across the 
continental divide into the southwest and western United States. D. bugensis is 
responsible for millions of dollars in damage to infrastructure, destruction and damage to 
aquatic ecology, and a variety of other negative impacts ranging from increased harmful 
algal blooms to disruption of human recreational activities. Although several methods of 
mussel removal and control have been developed including chlorination, application of 
copper sulfate, physical removal, and heat application, deliberate anthropogenic 
eradication of D. bugensis from the environment without harm to other native and 
beneficial species remains unsuccessful.  
 In 2007, D. bugensis arrived in Lake Mead along the northern Arizona/southern 
Nevada border, most likely as the result of overland transport by recreational watercraft 
from an infested body of water. This marked the first sighting west of the continental 
divide, and by 2008 the infestation had spread through the Colorado River system into 
Lake Havasu in western Arizona, through the Central Arizona Project Canal system, and 
finally into central Arizona at Lake Pleasant. However, in the 7 years since Lake 
Pleasant’s infestation, D. bugensis has not been identified in other reservoirs in the 
Phoenix metropolitan area for an undetermined reason. Although occasionally seen in 
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Salt River Project canals as a result of blending with Central Arizona Project water at 
Granite Reef Dam east of Phoenix, infestation of reservoirs along the Salt River and 
Verde River has not occurred. The State of Arizona enacted legislation in 2009 aimed at 
preventing the spread of invasive species (including D. bugensis) through the state’s 
waters. The legislation requires boaters to drain, dry, and when possible decontaminate 
boats using hot water to kill any potential “aquatic hitchhikers”. It also recommends a 5 
day waiting period for travel between bodies of water.  
 Due to the close proximity of Lake Pleasant to the reservoirs on the Salt River and 
Verde River, especially Saguaro Lake and Bartlett Lake, there is frequent travel between 
reservoirs by recreational boaters. While legislation and signage aimed at informing 
boaters about the infestation can play a large role in deterring potential overland transport 
of D. bugensis, enforcement can still be difficult, resulting in boaters not taking proper 
precautions. The seeming inability of D. bugensis to colonize central Arizona’s reservoirs 
outside of Lake Pleasant has prompted curiosity by the Central Arizona Project and Salt 
River Project, 2 major entities responsible for management of Arizona’s water, into the 
possibility that there may be environmental factors preventing the infestation of D. 
bugensis outside of the enforcement of legislation. 
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Objectives  
The main goal of this study is to understand which environmental factors are 
possibly preventing the spread of D. bugensis into Arizona’s reservoirs located along the 
Salt River and Verde River watersheds. The study focuses on a variety of possible factors 
including: 
• The water chemistry and microbiological populations of these reservoirs and 
the impact on the survival of adult D. bugensis  specimens in a laboratory 
setting 
• The ability of adult D. bugensis specimens to reproduce in water from these 
reservoirs 
• Potential predation by zooplankton populations of these reservoirs on D. 
bugensis veligers 
• Long term trends and seasonal variation in field measured conditions at the 
reservoirs including dissolved oxygen and temperature  
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CHAPTER 2 
LITERATURE REVIEW 
History of Infestation 
The Quagga Mussel (Dreissena bugensis) is an invasive species of mollusk that 
has been introduced to the waters of North America from its origin in the Dnieper River 
basin of Ukraine. First identified by Andrusov in 1897, D. bugensis is slightly larger and 
rounder than its close relative, the Zebra Mussel (Dreissena polymorpha). Due to its 
similar striped pattern on its shell, the species is named after the Quagga, an extinct 
African hoofed mammal. D. polymorpha was first identified in North American waters in 
1986 when specimens were found in Lake St. Clair after being introduced through 
discharge of veligers (larvae) in the bilge water of transatlantic ships coming from 
Ukraine. After quickly colonizing the Great Lakes, D. polymorpha spread through the 
Mohawk, Hudson, and Mississippi River basins, colonizing much of the eastern United 
States. In 1991, D. bugensis, a related species of the Dreissena genus, was identified in 
the Erie Canal and Lake Ontario. Although the first D. bugensis individuals were found 
in 1989, they were not identified as a distinct species until two years later. By 1994, D. 
bugensis was found in Cayuga and Seneca Lakes in the intake structures of generating 
stations. A year later, the first sighting outside of the Great Lakes was confirmed in the 
Mississippi River between St. Louis, Missouri and Alton, Illinois (Mills et al, 1996). In 
January 2007, D. bugensis was found in Lake Mead, Nevada, most likely as the result of 
transport on improperly cleaned recreational watercraft. By 2008 specimens were found 
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throughout the Colorado River system south of Lake Mead including Lake Havasu, Lake 
Pleasant, and Central Arizona Project canals (AZGFD, 2015). 
Biology and Physiology 
Physiologically, adult D. bugensis can range in size from 6-45 millimeters. They 
have a rounder shape than their relatives D. polymorpha and are slightly larger, paler, and 
have darker rings on the shells. The shells are striped horizontally, round, and elongated 
in length. Dreissenids are filter feeders. They filter water through an inhalant siphon, 
which allows them to remove seston from the water column at rates of up to 1 liter per 
day. Phytoplankton and other food sources are digested while non-edible items and 
pseudofeces are ejected via an exhalant siphon. The mussels attach themselves to a 
variety of surfaces using byssal threads, adhesive protein filaments that protrude from the 
ventral side of the mussel near the foot. While most attachment occurs on hard surfaces 
including wood, rock, plastic, and various metals, attachment can also occur on soft 
fibers including ropes and cloths. Dreissena species have been observed voluntarily 
detaching and moving horizontally across substrate using their foot (Nalepa & 
Schloesser, 2013). 
The lifespan of D. bugensis begins with the spawning of adults, which releases 
eggs and sperm into the environment. Each adult female can release up to 1 million eggs 
annually, with multiple spawning events occurring in regions where water temperature 
remains above 9° Celsius. Upon fertilization, the larva (known as trochophores at this 
stage) are slightly less than 100 microns in diameter and float freely in a planktonic state 
with no shell. Within a few days a shell in developed and the larva become known as 
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veligers (D-stage larvae). Over the course of a 2-3 weeks, the veligers feed on seston and 
grow in size until they reach between 200-400 microns in diameter. At this point a foot is 
developed and the larva become known as pediveligers.   At 4-5 weeks, the veligers 
become known as plantigrades, developing byssal attachment and a mussel-shaped shell. 
Once settled, at a size of around 1 millimeter in diameter, the larva become juvenile 
mussels. The mussels grow and sexually mature after a few months, at a size of 5 
millimeters. Adults can live 2-3 years on average, with a maximum lifespan of 5 years 
(McMahon, 2012).  Most of the overland transport that has occurred is believed to have 
resulted from the inadvertent transportation of D. bugensis in larval stages when not 
clearly visible to the naked eye.  
Environmental Impacts 
D. bugensis colonization can have several severe undesirable effects that result in 
disruption to ecology, recreation, transportation, and industrial activity. Each adult 
individual can filter up to 1 liter of water per day, removing plankton that composes the 
base of the aquatic trophic structure. Removal of this plankton has dramatic effects on the 
aquatic trophic structure, reducing available food for larger zooplankton, planktivorous 
fish, piscivorous fish, and eventually piscivorous birds and mammals. Removal of 
beneficial phytoplankton communities can also lead to increased blooms of harmful 
cyanobacteria, which consume nutrients not used by phytoplankton once they are 
removed. Large colonies of D. bugensis can form on sandy beaches, piers and docks, and 
recreational watercraft, resulting in the disruption of recreational industries related to 
swimming, fishing, and boating. They can also form on the intake structures of power 
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plants and water treatment plants, resulting in clogging and damage to mechanical and 
structural equipment. This damage is reflected in costs to power plants, agricultural 
irrigation users, and municipal water supplies (McMahon, 2012). Acting as filter feeders, 
D. bugensis can concentrate aquatic pollutants at up to 300,000 times the ambient 
environmental concentration, releasing the hyper-concentrated pollutants upon death or 
transferring them through the trophic structure of an ecosystem through consumption by 
birds and fish (Snyder et al, 1997). Estimates of financial impacts of D. bugensis and D. 
polymorpha in North America range from $100 million to $1 billion annually (Choi et al, 
2013). 
Factors Affecting Infestation 
Many factors have been investigated in laboratory and field experimentation for 
their effects on settlement and reproduction of D. bugensis populations. These factors 
range from water chemistry and temperature to biological interactions such as predation 
or infection. 
Salinity  
Although primarily found in freshwater, D. bugensis is able to tolerate a wide 
range of salinities reaching up into brackish classification. Maximum growth of D. 
bugensis in the Dnieper River was observed at salinities of 1-1.5 parts per trillion (ppt), 
while maximum total salinity at which live specimens were found in the environment was 
4.0 ppt (Mills et al, 1996). In laboratory settings, similar tolerance of salinity has been 
documented. Less than 1% of D. bugensis embryos survived to form shells at salinities 
greater than 2 ppt. 3-5 day old veligers introduced in waters of 0-2 ppt salinity showed no 
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effect on the development, while 23 day old veligers showed similar rates of survival 
between 2 ppt and 4 ppt waters. Above 4 ppt, survival was severely impacted in veligers 
of all ages. As D. bugensis veligers increase in age, they show an increased tolerance of 
higher salinity (Wright et al, 1996). Short term survival at up to 8 ppt has been 
documented for D. bugensis. However, mortality within 10 days exceeded 90%. 
Increases in temperature has shown to negatively impact survival at higher salinities 
(Mills et al, 1996).  
Temperature  
Temperature plays a large role in the survival of D. bugensis at all stages of life, 
with upper limits of temperature typically determining the range of survival. The range of 
temperature for reproduction and survival has been identified as occurring between 10 
and 23° Celsius with an optimal temperature of 18° Celsius. Dreissena are able to survive 
prolonged low temperatures down to 0° Celsius, providing freezing does not actually 
occur (USFWS, 2009). The onset of mortality for D. bugensis adults has been shown to 
occur around 28.1° Celsius with 50% mortality occurring at 29.3° Celsius.  Long term 
exposure (> 5 days) to temperatures above 31° Celsius is shown to be the upper limit of 
survival for the potential distribution of D. bugensis (Cohen, 2007). Tests performed 
using Lake Mead veligers showed 100% mortality within 5 days under summer 
temperatures in the epilimnion. During autumn conditions, 100% mortality did not occur 
until 27 days. On a short time scale (1 hour), veligers were able to survive exposure to 
35° Celsius (Choi et al, 2013). Studies have varying reports on temperature survival 
comparisons between D. bugensis and D. polymorpha. Domm et al, 1993 showed that   
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D. bugensis is typically more susceptible to high temperature induced mortality than D. 
polymorpha. However, Antonov & Shkorbotov, 1990 and Thorp et al, 2002 showed that 
D. bugensis survived higher temperatures than D. polymorpha (Thorp et al, 2002). 
Geographic origin and acclimation time both affect survival at higher temperatures, with 
individuals from warmer climates surviving higher temperatures than cold climate 
individuals (Mills et al, 1996). Air temperatures at or above 35° Celsius have shown no 
practical risk of transfer of veligers “under any condition of emersion or low volume 
immersion” (Snider et al, 2014). 
Substrate  
A wide variety of substrates have been found to be suitable for attachment by D. 
bugensis. Mussels are able to settle on both hard and soft fibrous surfaces, including 
ropes and cloth. Limestone rock, concrete, PVC, and stainless steel show the strongest 
attachment of hard surfaces while aluminum, plastic, rubber, wood, and sand are also 
suitable. In general, mussels are able to attach more strongly to rough substrates. On 
inclined surfaces, mussels detach and relocate more often than on flat surfaces. Mussels 
also attach more strongly to surfaces in the presence of other mussels and in the presence 
of predators. Mussels seem to prefer darker substrates over lighter ones (Nalepa & 
Schloesser, 2013).  
Depth  
 D. bugensis is found at a wide range of depths in lakes and reservoirs. In Europe, 
maximum densities are generally found between 2-4 meters with low colonization 
occurring below 8 meters. However, reproducing populations have been found settling as 
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deep as 120-140 meters in the Great Lakes in North America (Mills et al, 1996). D. 
bugensis outperform D. polymorpha in waters deeper than 40 meters, composing nearly 
99% of the mollusk population at the bottom of reservoirs within the Dnieper basin. The 
limiting factors to survival in deep water appear to be lack of favorable substrate due to 
silty lake bottoms and reduction of oxygen below survivable concentration (Mills et al, 
1996).  
Hardness  
 Hardness is not a major limiting factor in the spread of D. bugensis. However, 
calcium is required for shell growth and metabolic functions in mussels. A vast majority 
of infestations by D. bugensis and D. polymorpha have occurred in regions characterized 
by high concentrations of calcium >28 mg/L (Whittier et al, 2008). Waters with calcium 
concentrations ranging from 25 to 125 mg/L  show the highest potential for colonization 
while waters with calcium concentrations below 20 mg/L show lowest potential for 
colonization (Clark & Brandhuber, 2011). 
Oxygen  
Hypoxia/anoxia is a major limiting constraint for the settlement of Dreissena 
species. The lower limits of long term survival for adult D. polymorpha have been 
identified as between 2-4 mg/L dissolved oxygen concentration. D. bugensis is slightly 
more tolerant of low dissolved oxygen, with a lower limit identified as 1.5 mg/L 
(USFWS, 2009).  Dissolved oxygen deprivation is more effective in warmer 
temperatures. Concentrations of 0.8 mg/L can result in 100% mortality of juveniles 
within 2-3 days and adults within 2 weeks (Nalepa & Schloesser, 2013).  
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Turbidity  
 While optimum turbidity for settlement of D. bugensis has been observed to be in 
the range of 40 to 200 cm secchi disk depth, colonization has occurred in bodies of water 
with secchi disk depth ranging all the way from 10 cm to 250 cm (Clark & Brandhuber, 
2011). Increases in suspended inorganic sediment show large drops in oxygen 
consumption rates in D. polymorpha, resulting depressed growth rates. However, 
turbidity alone is most likely not enough to prevent establishment of populations 
(Alexander et al, 2011).  Dreissena species have their own effects on turbdity. Able to 
remove up to 1 liter per day individually, colonies of Dreissena species can significantly 
reduce turbidity in lakes and streams by concentrating suspended solids in pseudofeces, 
settling them out of the water column.  
pH  
pH has not been studied for D. bugensis, but some studies have been done using  
D. polymorpha. The optimal range of survival appears to be between pH 6 and 9.3. 
Below pH 7, uptake rates of sodium and calcium decrease and limit the formation of 
shells by Dreissena species, resulting in lower colonization potential in more acidic 
waters (Vinogradov et al, 1993).  
Trophic Structure and Predation 
 While D. bugensis can dramatically impact its ecosystem by removing 
phytoplankton that makes up the base of the trophic pyramid, it is also preyed upon by a 
wide range of fish, birds, crustaceans, and even certain types of zooplankton while in the 
veliger state. Predation studies on Dreissenids have mostly looked at D. polymorpha. 
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Predation on veligers has been observed by Calanoid copepods in laboratory settings 
using copepods and veligers harvested from Lake Michigan. D. polymorpha veligers 
were consumed by all 3 species of Calanoid copepods tested (Epischura lacustris, 
Limnocalanus macururus, and Diaptomus sicilis) while in the trochophore state.  
 However, once shells were formed and veligers matured to the D-stage, 
consumption rates dropped significantly, indicating that Calanoid copepods are not able 
to ingest veligers once shells have formed. This suggests that predation by Calanoid 
copepods may have resulted in evolution of early shell development in larval bivalve 
mollusks (Liebig & Vanderploeg, 1995). Veligers are also vulnerable to predation by 
planktivorous fishes and fish fry, with observed predators in North America being the 
Alewife (A. pseudoharengus), Gizzard Shad (D. cepedianum), White Perch (M. 
americana), and Rainbow Smelt (O. mordax). Predation on settled adult Dreissenids has 
been observed by 14 fish species in North America including Common Carp (C. carpio), 
several species of sunfish (Lepomis species), Yellow Perch (P. flavescens), and Walleye 
(S. vitreum). Several species of catfish (Ictalurus species) and Striped Bass (M. saxatilis) 
are also predicted to be predators of Dreissenids (Molloy et al, 1997). Predation on settled 
adult Dreissenids has also been observed by 20 species of birds in North America 
including Mallard (A. platyrhynchos), Redhead (A. americana), Bufflehead (B. albeola), 
Goldeneye (B. clangula), Purple Sandpiper (C. maritima), American Coot (F. americana) 
and Kildeer (C. vociferus). Predation by birds tends to occur in shallower waters (< 2 
meters) and primarily involves adults greater than 10 mm in size (Molloy et al, 1997). 
Predation on adult Dreissenids has also been observed by Blue Crabs (C. sapidus), 
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Crayfish (C. robustus), Map Turtles (G. geographica), and Muskrats (O. zibethicus) 
(Molloy et al, 1997).  
Parasitism and Microbiological Infection 
 Dreissenids are known to be infected by a variety of parasites and microbiological 
agents. Five species of ciliates are known to infect the mantle cavity of D. polymorpha 
(C. acuminatus, C. klimentinus, H dreissenae, S. dreissenae, and S. naumiana). These 
parasites generally live symbiotically and do not appear to affect healthy mussels. Seven 
genera of trematodes have also been reported as Dreissenid parasites. Additionally, 
Oligochaete infection was reported in populations of D. bugensis and D. polymorpha in 
1996, resulting in erosion of gill and mantle tissue. Chironimid larvae and a genera of 
mite (Unionicola) have also been found in mantle tissue. However, impacts of these 
infections have not been quantified (Molloy et al, 1997). The use of bacteria as a 
biopesticide to control Dreissenid infestations has also been investigated. One study 
tested the lethality of various strains of Pseudomonas fluorescens on both D. bugensis 
and D. polymorpha. The most effective strain was Pseudomonas fluorescens strain 
CL145A which showed a mean mortality above 90% for both Quagga and Zebra mussels 
when applied at a dosage of 50 ppm for 24 hours at 21 Celsius. It was found that this 
strain kills mussels through intoxication. However, Other strains of P. fluorescens did not 
display the same toxicity to mussels (Molloy et al, 2013).  
Arizona Reservoirs 
The regional water supply of the Phoenix metropolitan area is primarily 
composed of surface water from 3 systems of reservoirs in central Arizona. These 
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reservoirs are also a source of aquatic recreation, drawing boaters, fishermen, and tourists 
out of urban Phoenix. The 3 reservoirs investigated in this study are Lake Pleasant, 
Saguaro Lake, and Bartlett Lake. They primarily obtain their water from the Colorado 
River watershed, Salt River watershed, and Verde River watershed respectively.  
Lake Pleasant 
Lake Pleasant is located approximately 40 miles northwest of downtown Phoenix. 
It is an artificial reservoir formed in 1927 upon the completion of the Waddell Dam. The 
lake was originally filled with water from the Agua Fria River. However, once the 
Central Arizona Project Canal was built in 1973 the primary source of water flowing into 
Lake Pleasant has been water flowing through the canal from Lake Havasu in 
northwestern Arizona. The Waddell Dam was raised in 1994 increasing surface area of 
the lake to 7500 acres. Lake Pleasant has a maximum depth of 146 meters, with an 
average depth of 21 meters. It has the longest average hydraulic retention time of the 
three reservoirs at 404 days (Mash et al 2004). It is also the only reservoir in the Phoenix 
metropolitan area that has been infested by D. bugensis, which was first found in the lake 
in 2008. D. bugensis was transported into the Lake Pleasant via the Central Arizona 
Project Canal which brought water from Lake Havasu (infested as a result of being 
downstream from Lake Mead). Lake Pleasant has been monitored as part of the Regional 
Water Quality Sampling Project by the Westerhoff group at Arizona State University 
since 1999.  
Lake Pleasant is characterized by the lowest specific UV absorbance (SUVA) of 
the three reservoirs, indicating that most of its carbon comes from autochthonous sources. 
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However, Lake Pleasant consistently shows the lowest dissolved organic carbon levels of 
the three reservoirs (Mash et al, 2004). Lake Pleasant also has the lowest turbidity, 
identified by deepest secchi disk depth.  It is very well mixed during the cooler months 
while showing strong stratification in the summer. The warmest months of the year are 
July and August, where surface temperatures can exceed 30° Celsius (Sawyer, 2011). Of 
the three reservoirs, Lake Pleasant shows the second highest conductivity. Dissolved 
oxygen was observed being higher in Lake Pleasant, particularly during months of 
summer stratification.  
Lake Pleasant’s trophic structure is characterized by top down control resulting 
from higher biomass of piscivorous fish. It is home to the Striped Bass (Morone 
saxatilis), not found in Saguaro Lake or Bartlett Lake. This higher concentration of 
piscivorous fish results in a reduction of planktivores, allowing for more diverse 
zooplankton communities present at a concentration nearly an order of magnitude higher 
than Saguaro Lake. Higher zooplankton populations result in reduced phytoplankton 
population and lower levels of primary production as illustrated by lower concentrations 
of chlorophyll a. Despite having lower primary production, Lake Pleasant has inorganic 
phosphorous concentrations an order of magnitude greater than Saguaro Lake (Sawyer, 
2011).  
Saguaro Lake 
Saguaro Lake is located approximately 40 miles west of downtown Phoenix. The 
reservoir was formed when the Stewart Mountain Dam was completed in 1930. Saguaro 
Lake is the 4th reservoir along the Salt River, with Roosevelt Lake, Apache Lake, and 
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Canyon Lake upstream. The reservoir has a maximum depth of 36 meters, with an 
average depth of 27 meters, and covers 1264 acres.  The average hydraulic retention time 
of Saguaro Lake is the shortest of the three reservoirs at only 70 days. However, being 
the 4th reservoir in the line of Salt River reservoirs, the hydraulic retention time from 
Roosevelt Lake down through Steward Mountain Dam is nearly 2.4 years (Mash et al 
2004). Like Lake Pleasant, Saguaro Lake has also been monitored as part of the Regional 
Water Quality Sampling Project by Arizona State University.  
Saguaro Lake shows higher SUVA values than Lake Pleasant, indicating more 
influence from allochthonous carbon. However, Saguaro Lake shows much higher 
seasonal peaks in dissolved organic carbon during the summer, indicating higher 
phytoplankton activity (Mash et al, 2004). Saguaro Lake also shows significant spikes in 
turbidity during the summer, again corresponding to more production by phytoplankton. 
It shows the highest conductivity of the three reservoirs due to high levels of salts and 
ions present in the water flowing from the Salt River. Like Lake Pleasant, Saguaro Lake 
shows significant stratification during the summer months, resulting in decreased oxygen 
concentration and warmer surface temperatures.  
Saguaro Lake’s trophic structure was also studied heavily. It has been classified 
as bottom up controlled due to the lower piscivorous fish populations. While the reservoir 
does support Largemouth Bass (Micropterus salmoides) and is regularly stocked with 
Rainbow Trout (Oncorhynchus mykiss), its piscivorous fish population is much lower 
than Lake Pleasant. This increases the number of planktivores resulting in reduced 
zooplankton population and more phytoplankton. The zooplankton population of Saguaro 
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Lake is also less diverse than Lake Pleasant and present at concentrations nearly an order 
of magnitude lower. Increased phytoplankton populations result in more primary 
production, shown by increases in turbidity during warmer summer months that also 
provide more light. Saguaro Lake has chlorophyll a concentrations approximately 9 times 
higher than Lake Pleasant. It shows lower inorganic phosphorous concentrations but 
similar dissolved inorganic nitrogen peaks (Sawyer, 2011).  
Bartlett Lake 
Bartlett Lake is located approximately 55 miles northeast of downtown Phoenix. 
The reservoir was formed in 1939 by the completion of Bartlett Dam, which dammed up 
the Verde River. It sits below Horseshoe Reservoir, and receives all of its water from the 
Verde River. The reservoir has a maximum depth of 53 meters with an average depth of 
30 meters and covers a surface area of 2015 acres. The average hydraulic retention time 
of Bartlett Lake is 165 days (Mash et al, 2004). Bartlett Lake has also been monitored as 
part of the Regional Water Quality Sampling Project by Arizona State University.  
Among the three reservoirs, Bartlett Lake shows the highest SUVA values, 
corresponding to greatest input from allochthonous sources among its organic carbon. It 
also shows the highest degree of seasonal variation in dissolved organic carbon and 
SUVA, corresponding to greater influence of runoff from storms as a result of the low 
hydraulic retention time of the upstream Horseshoe Reservoir limiting the settlement of 
suspended solids. Combining the hydraulic residence time of Bartlett Lake with the 
upstream Horseshoe Reservoir (38 days), the hydraulic residence time of this reservoir 
system is only 203 days, less than a quarter of the hydraulic residence time of the Salt 
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River reservoir system and less than an eighth of the CAP system (Mash et al, 2004). 
This seasonal trend is also apparent by reviewing the secchi disk data for Bartlett Lake, 
which shows yearly seasonal turbidity spikes corresponding to runoff from storms in 
winter months. Bartlett Lake has not been as thoroughly studied as Lake Pleasant or 
Saguaro Lake in regards to its trophic structure.  
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CHAPTER 3 
EXPERIMENTATION 
Experimentation was divided into 4 main sections: testing survival of adult D. 
bugensis specimens in waters from each reservoir system, spawning, identification of 
potential planktonic predators, and finally analysis of field sampling data from the 
Regional Water Quality Sampling Project at Arizona State University.  
Survival of Adult D. bugensis in Reservoir Water 
The first experiments were performed to identify differences in the survival rate 
of adult D. bugensis specimens between CAP canals where they are known to occur and 
water from other reservoirs where they have not yet established themselves. Identifying 
differences in water quality between the CAP/Lake Pleasant and SRP/Bartlett 
Lake/Saguaro Lake could potentially explain why D. bugensis has been unable to spread 
from Lake Pleasant to other nearby reservoirs in the 7 years since Lake Pleasant’s 
infestation, despite close proximity (60 miles) and frequent travel between the reservoir 
systems by recreational boaters. CAP canals obtain all their water from CAP reservoirs 
including Lake Havasu and Lake Pleasant, both of which have seen establishment of D. 
bugensis populations and both of which receive water from Lake Mead, where D. 
bugensis first emerged in the western United States. My hypothesis was that due to no 
existing populations of D. bugensis within the reservoirs in the Salt River and Verde 
River systems, adult D. bugensis specimens introduced into these waters in a lab setting 
would survive at a lower rate than a control group in CAP water. The cause of this 
difference in survival was proposed to be a chemical or biological property in water from 
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the Salt and Verde River systems that was limiting the spread of D. bugensis. SRP canals 
receive water from both Salt/Verde Rivers and CAP canals, blending the water at Granite 
Reef Dam just east of Phoenix. The ratio of Salt/Verde and CAP water varies based on 
seasonal changes in water supply and demand. As a result of this blending, D. bugensis is 
occasionally found within SRP canals, but as of time of experimentation has not spread to 
Salt River and Verde River reservoirs. 
Experiment 1: Comparing Adult D. bugensis Survival in CAP vs. SRP Canals 
Procedure 
CAP water was collected from the Waddell Canal at the intersection with old 
Highway 74, just south of Lake Pleasant on January 28th. SRP water was collected from 
the South Canal below CAP Cross Connect in the Granite Reef area on February 10th. 
The locations of all sampling sites can be seen in the appendix. Both samples were 
collected at volumes of 40 gallons and placed in covered 55 gallon drums. Adult D. 
bugensis specimens ranging in size from 5 to 25 mm length were collected from Lake 
Pleasant Marina on February 21st. They were placed in a 10 gallon aquarium of de-
chlorinated tap water for two days.  
On February 23rd, 50 adult D. bugensis specimens of varying size were placed 
into 2 model canals, one recirculating SRP water and one recirculating CAP water. The 
canals were of identical size, measuring 3.5” deep, 3” wide, and 47” long. Water was 
recirculated using an ECO 396 Submersible Pump at a rate to give similar Froude number 
values as full scale canal systems in Arizona and to provide aeration. Zeobest zeolites 
were added at 250 mg/500 mL to each canal to prevent nitrogen buildup from waste. 
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Every other day during the duration of the experiment a YSI-85 probe was used to take 
dissolved oxygen, specific conductance, conductivity, and salinity measurements. Water 
samples were collected from each canal in ashed 40 mL vials for UV254 and dissolved 
organic carbon analysis. API test strips were used to test nitrate, nitrite, pH, carbonate 
hardness, and general hardness. A heterotrophic plate count sample was then collected by 
using a sterile pipet to place 100 microliters of water onto a plate of Difco R2A agar 
using the spread plate technique. All samples and measurements were taken from the 
back of the canal, downstream of the mussels. Each plate was incubated for 48 hours at 
28° Celsius before being counted. After running all tests, ground TopFin algae tablets 
were fed to the mussels at a dose of 3.3 g/1000 mussels every other day, a value obtained 
from previous studies in literature (Berg et al, 1996). Once per week, 10 mussels (the 
same every week) were removed from the canals and measured in length. The experiment 
was ended on February 16th, after 3 full weeks of data collection. 
Results and Discussion 
Overall, there was no difference in survival or growth between the two waters. All 
50 specimens survived in both canals and none of the mussels measured showed any 
growth in shell length in either canal. pH, general hardness, carbonate hardness, salinity, 
nitrate, and nitrite remained consistent throughout the experiment. Low salinity showed 
that a majority of SRP water was being blended from Verde River and CAP river water. 
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  CAP SRP 
pH 8-9 8-9 
Nitrite (mg/L) 0 0 
Nitrate (mg/L) 0 0 
Carbonate Hardness (ppm) 120 180 
General Hardness (ppm) >>180 >>180 
Salinity (ppt) 0.5 0.3 
Surviving Mussels 50/50 50/50 
Table 3 -  1: Constant experimental parameters CAP vs. SRP 
 
CAP Mussel Shell Length (mm)  SRP Mussel Shell Length (mm) 
23-Feb 1-Mar 7-Mar 16-Mar  23-Feb 1-Mar 7-Mar 16-Mar 
10 10 10 10  9 9 9 9 
8 8 8 8  9 9 9 9 
10 10 10 10  12 12 12 12 
13 13 13 13  16 16 16 16 
21 21 21 21  14 14 14 14 
17 17 17 17  13 13 13 13 
18 18 18 18  19 19 19 19 
14 14 14 14  23 23 23 23 
18 18 18 18  20 20 20 20 
20 20 20 20  15 15 15 15 
Table 3 -  2: Mussel Shell Length CAP vs. SRP 
Dissolved organic carbon, specific conductance and conductivity increased 
slightly in both canals, most likely due to evaporation losses of water from the system. 
UV 254, and dissolved organic carbon showed minor fluctuations throughout the course 
of the experiment but overall had no major observable trend. Dissolved organic carbon 
and UV254 were very similar between the two waters.  
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Figure 3 - 1 Dissolved Organic Carbon CAP vs. SRP 
 
Figure 3 - 2 UV 254 CAP vs. SRP 
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Figure 3 - 3 Specific Conductance and Conductivity CAP vs. SRP 
Specific Conductance and Conductivity were much higher in CAP water than in 
SRP water. Microbial populations also showed fluctuation without any major observable 
trend, showing similar numbers between the microbial populations in the two waters. As 
SRP waters are generally higher in turbidity, there are more places for microbes to seek 
shelter from environmental hazards. However, much of the turbidity in SRP water settled 
out in the canals due to gravitational settling and filtration by mussels.  
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Figure 3 - 4 Heterotrophic Plate Count CAP vs. SRP 
 
Figure 3 - 5 Dissolved Oxygen CAP vs. SRP 
It is important to note that the dissolved oxygen concentration was very much 
influenced by the pumping of the water into the canals. Since both waters were pumped 
at a similar rate, the dissolved oxygen was very similar, with CAP water being slightly 
higher.  The results of this experiment indicate that survival in Saguaro Lake would be 
entirely possible for introduced adult D. bugensis specimens based on water chemistry 
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and microbial population alone. Field conditions including temperature, dissolved 
oxygen, and mortality due to predation were not accounted for in this experiment. 
Experiment 2: Comparing Adult D. bugensis Survival in CAP Canals vs. Saguaro Lake 
Procedure 
CAP water was collected from the Waddell Canal at the intersection with old 
Highway 74, just south of Lake Pleasant on March 31st. Saguaro Lake water was 
collected from the boat launch ramp at Saguaro Lake Marina on March 30th. Both 
samples were collected at volumes of 40 gallons and placed in covered 55 gallon drums. 
Water from the previous experiment was replaced with new CAP water (control) and 
water from Saguaro Lake. Mussels were reused from the previous experiment. 
Procedures were repeated using the same methodology from the previous survival 
experiment.  
Results and Discussion 
As shown in the first experiment, there was similarly no difference in survival or 
growth between the two waters. All 50 specimens survived in both canals and none of the 
mussels measured showed any growth in shell length in either canal. pH, general 
hardness, carbonate hardness, salinity, nitrate, and nitrite remained consistent throughout 
the experiment. Saguaro Lake showed the highest salinity of any tested waters but 
remained well below salinity limits of D. bugensis. 
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  CAP Saguaro 
pH 8-9 8-9 
Nitrite (mg/L) 0 0 
Nitrate (mg/L) 0 0 
Carbonate Hardness (ppm) 120 180 
General Hardness (ppm) >>180 >>180 
Salinity (ppt) 0.5 0.9 
Surviving Mussels 50/50 50/50 
Table 3 -  3: Constant experimental parameters CAP vs. Saguaro Lake 
CAP Mussel Shell Length (mm)  Saguaro Mussel Shell Length (mm) 
2-Apr 8-Apr 14-Apr 22-Apr  2-Apr 8-Apr 14-Apr 22-Apr 
17 17 17 17  16 16 16 16 
8 8 8 8  23 23 23 23 
14 14 14 14  15 15 15 15 
20 20 20 20  9 9 9 9 
21 21 21 21  19 19 19 19 
10 10 10 10  13 13 13 13 
18 18 18 18  14 14 14 14 
10 10 10 10  9 9 9 9 
18 18 18 18  20 20 20 20 
13 13 13 13  12 12 12 12 
Table 3 -  4: Mussel Shell Length CAP vs. Saguaro Lake 
 
Figure 3 - 6 Dissolved Organic Carbon CAP vs. Saguaro Lake 
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Dissolved organic carbon was higher in Saguaro Lake water than CAP water by 
approximately 1 mg/L throughout the experiment. A general upward trend was observed, 
most likely as the result of evaporation increasing concentration. UV 254 was also 
slightly higher in Saguaro Lake water, indicating higher influence of allochthonous 
carbon among the organic carbon concentration of the water. Both waters showed 
relatively constant UV 254 values throughout the course of the experiment.  
 
Figure 3 - 7 UV 254 CAP vs. Saguaro Lake 
Conductivity and specific conductance were significantly higher in Saguaro Lake 
water compared to CAP water. Both values were nearly double in Saguaro Lake. 
However, given that all 50 mussels survived, this did not seem to affect them. 
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Figure 3 - 8 Specific Conductance and Conductivity CAP vs. Saguaro Lake 
 
Figure 3 - 9 Heterotrophic Plate Count CAP vs. Saguaro Lake 
Heterotrophic plate count again showed no major observable trend between the 
two waters. Several of the plates were not countable due to contamination obstructing 
countable colonies. Microbial populations appeared to be about the same in number 
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influenced by the introduction of oxygen caused by pumping of water through the 
experimental recirculating system.  
 
 
Figure 3 - 10 Dissolved Oxygen CAP vs. Saguaro Lake 
The results of this experiment indicate that survival in Saguaro Lake would be entirely 
possible for introduced adult D. bugensis specimens based on water chemistry and 
microbial population alone. Field conditions including temperature, dissolved oxygen, 
and mortality due to predation were not accounted for in this experiment. 
Experiment 3: Comparing Adult D. bugensis Survival in CAP Canals vs. Bartlett Lake 
Procedure 
CAP water was collected from the Waddell Canal at the intersection with old 
Highway 74, just south of Lake Pleasant on April 27th. Bartlett Lake water was collected 
from the boat launch ramp Near Bartlett Lake Marina on April 27th. Both samples were 
collected at volumes of 40 gallons and placed in covered 55 gallon drums. Water from 
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the previous experiment was replaced with new CAP water (control) and water from 
Bartlett Lake. Mussels were reused from the previous experiment. Procedures in the 
laboratory were repeated using the same methodology as the previous survival 
experiments. 
Results and Discussion 
The third experiment again showed 100% survival of all mussels. No growth was 
observed in shell length in any specimens from either canal. pH, general hardness, 
carbonate hardness, salinity, nitrate, and nitrite remained consistent throughout the 
experiment. Bartlett Lake showed the lowest salinity but the most hardness. 
  CAP Bartlett 
pH 8-9 8-9 
Nitrite (mg/L) 0 0 
Nitrate (mg/L) 0 0 
Carbonate Hardness (ppm) 120 >>180 
General Hardness (ppm) >>180 >>180 
Salinity (ppt) 0.5 0.2 
Surviving Mussels 50/50 50/50 
Table 3 -  5: Constant experimental parameters CAP vs. Bartlett Lake 
CAP Mussel Shell Length (mm)  Bartlett Mussel Shell Length (mm) 
27-Apr 3-May 9-May 17-May  27-Apr 3-May 9-May 17-May 
20 20 20 20  23 23 23 23 
13 13 13 13  16 16 16 16 
17 17 17 17  12 12 12 12 
8 8 8 8  20 20 20 20 
14 14 14 14  14 14 14 14 
10 10 10 10  13 13 13 13 
21 21 21 21  15 15 15 15 
18 18 18 18  9 9 9 9 
18 18 18 18  9 9 9 9 
10 10 10 10  19 19 19 19 
Table 3 -  6: Mussel Shell Length CAP vs. Bartlett Lake 
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Figure 3 - 11 Dissolved Organic Carbon CAP vs. Bartlett Lake 
Dissolved organic carbon levels from Bartlett Lake water were higher than CAP 
water, maintaining approximately 1 mg/L higher concentration throughout the 
experiment and showing similar levels to Saguaro Lake water. UV 254 was the highest 
for Bartlett Lake water out of any water tested during adult survival trials. UV 254 values 
in Bartlett Lake water were more than double CAP water. 
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Figure 3 - 12 UV 254 CAP vs. Bartlett Lake 
Specific conductance and conductivity in Bartlett Lake water were much lower 
than CAP water. Values were approximately half of CAP water’s. This is echoed in the 
much lower salinity of Bartlett Lake, corresponding to lower ion concentrations.  
 
Figure 3 - 13 Specific Conductance and Conductivity CAP vs. Bartlett Lake 
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Heterotrophic plate counts again showed no observable trend between Bartlett 
Lake and CAP water. Several samples were again omitted due to errors in counting 
caused by contamination or excessive growth resulting in inability to obtain accurate 
counts.  
 
Figure 3 - 14 Heterotrophic Plate Count CAP vs. Bartlett Lake 
Dissolved oxygen remained consistent through the experiment, showing no major 
trends or differences between the waters being tested as a result of pumping through the 
recirculating system.   
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Figure 3 - 15 Dissolved Oxygen CAP vs. Bartlett Lake 
The results of this experiment indicate that survival in Bartlett Lake would be 
entirely possible for introduced adult D. bugensis specimens based on water chemistry 
and microbial population alone. Field conditions including temperature, dissolved 
oxygen, and mortality due to predation were not accounted for in this experiment. 
Experiment 4: Comparing Adult D. bugensis Survival in CAP Canals with High 
Turbidity 
Procedure 
Two samples of CAP water were collected from the Waddell Canal at the 
intersection with old Highway 74, just south of Lake Pleasant on May 18th. Both samples 
were collected at volumes of 40 gallons and placed in covered 55 gallon drums. Water 
from the previous experiment was replaced with new CAP water. Suspended solids were 
collected on May 18th from the Arizona Canal at Pima Road. Water was collected in 5 
gallon buckets and allowed to settle overnight. Suspended solids were collected from 
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settled buckets and placed into the variable 55 gallon drums to spike turbidity to ~ 20 
NTU. Mussels were reused from the previous experiment. Procedures were repeated 
using the same methodology from the previous survival experiments. Turbidity 
measurements were done every other day using an HF Scientific DRT-15CE 
Turbidimeter. After measuring initial turbidity (after 48 hours of run time), barrels were 
manually stirred and turbidity was measured again after 15 minutes.   
Results and Discussion 
The fourth experiment tested the effect of high turbidity on D. bugensis. SRP 
canals show higher turbidity than CAP canals as a result of water input from the Salt 
River and Verde River. Survival remained at 100% in normal CAP water. Survival was 
98% in water spiked with turbidity with one mussel observed dead after 6 days by its 
gaping shell being unresponsive to manual stimulation. It is unclear what caused the 
death but a high survival rate among the rest of the population seems to indicate that even 
long term exposure to turbidity up to 20 NTU does not significantly reduce mussel 
population. Slight growth (1 mm or less) was observed in shell length in some of the 
specimens from both canals. However there did not seem to be any major observable 
difference between the two waters. pH, general hardness, carbonate hardness, salinity, 
nitrate, and nitrite remained consistent throughout the experiment. There was no 
difference in any of these parameters between the two waters as both waters originated 
from the same location and collection date, the only difference being added suspended 
solids collected from the Arizona Canal at Pima Road.  
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  CAP 
Turbidity 
Spike 
pH 8-9 8-9 
Nitrite (mg/L) 0 0 
Nitrate (mg/L) 0 0 
Carbonate Hardness (ppm) 120 120 
General Hardness (ppm) >>180 >>180 
Salinity (ppt) 0.5 0.5 
Surviving Mussels 50/50 49/50 
Table 3 -  7: Constant experimental parameters CAP vs. Turbidity Spike 
CAP Mussel Shell Length (mm)  Turbidity Spike  Mussel Shell Length (mm) 
19-May 26-May 1-Jun 7-Jun  19-May 26-May 1-Jun 7-Jun 
8 8 9 9  19 19 19 19 
8 8 8 8  23 23 23 23 
12 12 12 13  19 20 20 20 
13 13 14 14  13 13 14 14 
21 21 21 21  15 15 15 15 
17 17 17 18  14 14 14 14 
18 18 18 18  16 16 16 16 
14 14 14 14  15 15 15 16 
18 18 19 19  9 9 9 9 
16 16 16 16  9 9 9 10 
Table 3 -  8: Mussel Shell Length CAP vs. Turbidity Spike 
Turbidity remained very low for normal CAP water throughout the experiment. 
Turbidity in the spiked CAP water dropped over the course of the experiment, partially 
due to gravitational settling and partially due to filtration by mussels, evident by buildup 
of pseudofeces surrounding the mussel colonies in the model canal. Turbidity was added 
throughout the course of the experiment to maintain higher levels, specifically on the 4rd 
day, 10th day, and 16th day. Stirring every 48 hours was able to keep turbidity up due to 
recirculation and mixing in the canal.   
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Figure 3 - 16 Turbidity CAP vs. Turbidity Spike 
 
Figure 3 - 17 Dissolved Oxygen CAP vs. Turbidity Spike 
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Figure 3 - 18 UV 254 CAP vs. Turbidity Spike 
UV 254, specific conductance, and conductivity were not affected by adding 
turbidity. Dissolved organic carbon slightly increased in CAP water with spiked turbidity. 
Heterotrophic plate count showed the highest change with addition of turbidity. Bacterial 
colonies were observed at significantly higher concentrations in turbidity spiked waters 
than in regular CAP water. Turbidity provides hiding places for bacteria in the 
environment, protecting them from a wide range of environmental factors.  
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Figure 3 - 19 Specific Conductance and Conductivity CAP vs. Turbidity Spike 
 
Figure 3 - 20 Heterotrophic Plate Count CAP vs. Turbidity Spike 
Dissolved oxygen remained nearly constant between the two waters, indicating 
that differences in dissolved oxygen were not to blame for the slight difference in 
survival rate.  
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Figure 3 - 21 Dissolved Oxygen CAP vs. Turbidity Spike 
The results of this experiment indicate that long term exposure to turbid water < 
20 NTU does not significantly affect survival of D. bugensis and is most likely not the 
reason for no observed infestation in Lake Pleasant or Bartlett Lake. Field conditions 
including temperature, dissolved oxygen, and mortality due to predation were not 
accounted for in this experiment. 
Experiment 5: Spawning of Adult D. bugensis Specimens 
The 5th experiment performed was an investigation into spawning of adult D. bugensis 
specimens in water collected at Lake Pleasant. Although adult D. bugensis specimens 
survived in water from Lake Pleasant, Saguaro Lake, and Bartlett Lake, we wanted to 
examine spawning and reproduction in these reservoirs. Even if several mussels or 
veligers are transported between reservoirs, without successful reproduction an 
infestation cannot occur. Laboratory spawning of D. bugensis has been observed in 
previous studies. Schwaebe et al 2012 showed successful spawning of adults collected in 
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Lake Mead using solutions of serotonin creatinine sulfate monohydrate, gonad slurry, and 
temperature shock. Success rates for these three methods were 77%, 32%, and 22% 
respectively. Using doses of serotonin ranging from 0.1 mMol to 1.0 mMol, spawning 
was observed to begin within 15 minutes for male mussels and 45 minutes for females. A 
dosage of 0.5 mMol produced the highest rates of success in spawning (Swanson-
Schwaebe, 2012). We attempted to replicate the experiment using water collected from 
Arizona’s reservoirs. My hypothesis was that spawning in Saguaro Lake and Bartlett 
Lake would either be inhibited or result in the release of fewer gametes than spawning in 
Lake Pleasant.  
Procedure 
Adult D. bugensis specimens were collected from Lake Pleasant Marina by 
manually removing them from ropes and docks on August 8th. Water samples were also 
collected in 5 gallon buckets from the same site. Adult mussels were placed in a 2000 mL 
aerated beaker, filled with Lake Pleasant water filtered through a mesh plankton tow to 
remove any potential planktonic predators of veligers, at a density of 10 mussels per liter. 
Following overnight acclimation, mussels were measured, rinsed with filtered Lake 
Pleasant water, and placed individually in 25 mL beakers filled with 10 mL of 0.5 mMol 
serotonin creatinine sulfate monohydrate solution for 10 minutes. Mussels were then 
removed, rinsed with filtered Lake Pleasant water and placed in 25 mL beakers 
containing 20 mL of filtered Lake Pleasant water. Mussels were observed for 3 hours to 
record time to spawning. However, no spawning occurred for an unknown reason. 
Mussels were discarded after the unsuccessful spawning run. 
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A second spawning period was attempted on August 19th. Adult mussels collected 
on August 8th were stored in an aerated aquarium and fed ground algae tablets every other 
day during captivity. 5 days prior to the second spawning period, mussels were collected 
from the aquarium and placed in filtered Lake Pleasant water in a 2000 mL aerated 
beaker at a density of 10 mussels per liter. The mussels were incubated at 15 C for 5 days 
with water changes done every 2 days. After incubation, mussels were placed 
individually in 25 mL beakers filled with 10 mL of 0.5 mMol serotonin creatinine sulfate 
monohydrate solution for 10 minutes. Mussels were then removed, rinsed with filtered 
Lake Pleasant water and placed in 25 mL beakers containing 20 mL of filtered Lake 
Pleasant water. Mussels were observed for 3 hours to record time to spawning. However, 
again no spawning occurred for an unknown reason. Mussels were discarded after the 
second unsuccessful spawning run. 
Water samples and mussels were again collected from Lake Pleasant Marina on 
August 28th. Mussels were rinsed with filtered Lake Pleasant water and placed in an 
aerated 2000 mL beaker at a density of 10 mussels per liter, which was incubated at 15 C 
for 5 days prior to spawning trial. Water was changed every 2-3 days. A third spawning 
trial was performed, this time using higher dosage of serotonin solution. During the 
spawning trial mussels were measured, rinsed with filtered Lake Pleasant water, and 
placed individually in 25 mL beakers filled with 10 mL of 1 mMol serotonin creatinine 
sulfate monohydrate solution for 10 minutes. Mussels were then removed, rinsed with 
filtered Lake Pleasant water and placed in 25 mL beakers containing 20 mL of filtered 
Lake Pleasant water. Mussels were observed for 3 hours to record time to spawning. 
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However, once again no spawning occurred for an unknown reason. Mussels were 
discarded after the unsuccessful spawning run. 
A fourth trial was attempted using mussels from a holding tank in the laboratory 
that had been extras collected during various previous experiments. Mussels were rinsed 
with filtered Lake Pleasant water and placed in an aerated 2000 mL beaker at a density of 
10 mussels per liter, which was incubated at 15 C for 5 days prior to spawning trial. 
Water was changed every 2-3 days. A dosage of 10 mL of 1.0 mMol serotonin creatinine 
sulfate monohydrate solution was applied to individual mussels in 25 mL beakers. After 
15 minutes of exposure time mussels were removed, rinsed with filtered Lake Pleasant 
water and placed in 25 mL beakers containing filtered Lake Pleasant water. Mussels were 
again observed for 3 hours but no spawning occurred. Following the fourth unsuccessful 
spawning trial we decided to discontinue spawning research.  
Results and Discussion 
 No spawning was observed in any of the four spawning trials for an unknown 
reason. The procedure outlined by Swanson-Schwaebe 2012 was followed accurately. 
Increasing the dosage of serotonin from 0.5 mMol to 1.0 mMol had no effect on inducing 
spawning. Repeat trials to ensure proper procedure, accurate measurement of serotonin, 
and careful observation of mussels were done without seeing any difference in results.  
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8/9/2015 8/19/2015 9/2/2015 9/9/2015 
Mussel 
# 
Shell 
Length 
(mm) 
Mussel 
# 
Shell 
Length 
(mm) 
Mussel 
# 
Shell 
Length 
(mm) 
Mussel 
# 
Shell 
Length 
(mm) 
1 21 1 18 1 20 1 14 
2 14 2 15 2 23 2 19 
3 17 3 21 3 19 3 22 
4 19 4 22 4 21 4 20 
5 18 5 22 5 17 5 22 
6 17 6 19 6 16 6 21 
7 20 7 18 7 14 7 17 
8 24 8 15 8 15 8 19 
9 16 9 17 9 13 9 15 
10 15 10 20 10 16 10 17 
No Spawning No Spawning No Spawning No Spawning 
Table 3 -  9: Mussel Shell Length -  Spawning Attempts 
 One possible explanation for inability to induce spawning could be physical stress 
on collected specimens caused by temperature. Specimens were collected during late 
August and early September during seasonal high temperatures at Lake Pleasant Marina. 
During collection, dead mussels were identified by gaping shells, most likely induced by 
high water temperature. Although Swanson-Schwaebe 2012 collected mussels for 
spawning experiments in late August as well, air and water temperatures at Lake Mead 
are generally cooler by a few degrees than Lake Pleasant. It is probable that mussels 
collected for our experiment, although alive, were not able to reproduce as a result of 
temperature stress. Reproduction is occurring in Lake Pleasant as shown by rapidly 
increasing D. bugensis populations so successful spawning using mussels from Lake 
Pleasant in Lake Pleasant water must be shown prior to attempting to spawn mussels in 
other reservoirs. Under current results, inability to spawn mussels in Saguaro Lake or 
Bartlett Lake water would not necessarily indicate that there is something preventing 
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spawning from occurring in these waters since our methods were unable to induce 
spawning even in waters where spawning is naturally occurring in the environment. 
Further research involving spawning should be attempted using mussels collected during 
cooler temperatures to examine any differences between reservoirs. 
Experiment 6: Quantification of Calanoid Copepods  
The 6th experiment performed was an investigation into Calanoid copepod 
populations in Lake Pleasant, Saguaro Lake, and Bartlett Lake. Liebig et al 1995 
documented predation of Dreissenid veligers by various Calanoid copepod species, 
zooplankton found in freshwater and saltwater bodies globally. This research showed that 
veligers were most vulnerable during the first few days of life, prior to formation of shells 
(Liebig & Vanderploeg, 1995). As D. bugensis is most commonly transported in the 
veliger stage of life, high predatory copepod populations could result in elimination of 
veligers prior to settlement in SRP reservoirs, preventing establishment of reproducing 
adult populations.  
Procedure 
Plankton tows were performed at each of the three reservoirs near boat launch 
ramps where veligers would be likely to be introduced by transported watercraft. The 
tows were performed at the surface and at 2 meters of depth in each reservoir. The tow 
was dragged horizontally through the water along docks near the boat launch ramps at 
each reservoir. The equivalent sample volume for each tow was calculated to be 0.89 
cubic meters. Samples were collected in triplicate at each site and depth. After each tow 
the sample was poured into a 250 mL bottle. Approximately 100 mL of 70% isopropyl 
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alcohol solution was added to each sample to preserve the samples. Samples were 
refrigerated and counted within 2 days of collection. The location of each sampling site is 
shown on maps in the appendix. 
Results and Discussion 
Calanoid copepods were found within all samples collected at Lake Pleasant 
(photograph in appendix). However, no Calanoid copepods were found in any of the 
samples at Saguaro Lake or Bartlett Lake. Calanoid copepods were found at an average 
density of 104.22 individuals per cubic meter at a depth of 2 meters and an average 
density of 9.75 individuals per cubic meter at the surface. This density is lower than 
reported in 2011 by Sawyer. Zooplankton population could possibly have been reduced 
over the past 4 years by the infestation of D. bugensis removing phytoplankton from 
Lake Pleasant. Sawyer did not report finding Calanoid copepods in Saguaro Lake, which 
corresponds to the results shown in this experiment.  
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Figure 3 - 22 Calanoid Copepod Distribution per Cubic Meter 
 The fact that Calanoid copepods were found within Lake Pleasant (where D. 
bugensis has maintained a population since 2008) but not in Saguaro Lake or Bartlett 
Lake (which both remain uninfested) seems to eliminate copepod predation as a plausible 
explanation for the lack of D. bugensis infestation in Saguaro Lake and Bartlett Lake.  
Observation of Dissolved Oxygen and Temperature Trends  
from Regional Water Quality Sampling Project 
 Our previous laboratory experimentation apparatus used to test adult survival in 
reservoir water samples did not address dissolved oxygen or temperature, both known to 
be factors in Dreissenid survival. Dissolved oxygen was influenced by the pumping of 
water through the model canals, resulting in dissolved oxygen constantly being held at a 
concentration of 4.5-6 mg/L. Temperature was influenced by the temperature of the lab, 
which was constantly between 22 and 25° Celsius. As these were not accurate 
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representations of long term trends in dissolved oxygen and temperature in the 
environment, further investigation was required. Using data from the Regional Water 
Quality Sampling Project, performed by Arizona State University since 1999, trends in 
dissolved oxygen and temperature were observed at each reservoir to investigate possible 
explanation into the lack of D. bugensis infestation in Bartlett Lake and Saguaro Lake.  
Procedure 
 Field sampling data was acquired from the Regional Water Quality Sampling 
Project from 2008 (year of D. bugensis infestation of Lake Pleasant) to present. Lake 
Pleasant field sampling data collection ended in 2012. Dissolved oxygen and temperature 
was measured using a YSI-85 Multi Probe. Measurements were taken every 5 meters 
from the surface of the reservoir down to the bottom for Saguaro Lake and Bartlett Lake 
and to a depth of 60 meters for Lake Pleasant. Measurements were taken on the first 
Tuesday of every month. Trends were observed by plotting dissolved oxygen 
concentration vs. depth and temperature vs. depth. 
Results and Discussion 
 Initial plots of temperature and dissolved oxygen were created using a 
representative month from each season – January for winter, April for spring, July for 
summer, and October for autumn, from October 2011 through July 2012 to show 
seasonal variation in profiles. During cooler winter months, all three reservoirs show 
similar behavior in temperature and dissolved oxygen concentration. The water column is 
well mixed and characterized by high levels of dissolved oxygen and uniform 
temperatures near 12° Celsius. During the spring, water begins to warm and stratification 
begins due to warmer water floating at the surface of the epilimnion. Dissolved oxygen 
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remains above minimum concentration for D. bugensis survival although it begins to 
decrease as primary production increases due to more abundant light and increasing 
temperatures. Summer is characterized by complete stratification at all three reservoirs. 
Temperature at all three reservoirs increases in the epilimnion to near and above tolerable 
limits of D. bugensis. Dissolved oxygen levels drop in all three reservoirs, although the 
drop is more severe in Saguaro Lake and Bartlett Lake. The area of the water column 
where rapid change in temperature and dissolved oxygen occurs is known as the 
thermocline, and occurs in the three reservoirs between 5 and 15 meters in depth. After a 
few months of high temperatures, autumn turnover begins as temperatures cool and 
surface water begins to sink back into the hypolimnion, increasing oxygen concentration 
and mixing water back towards winter well mixed conditions.  
 
Figure 3 - 23 Seasonal Temperature Profiles 
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Figure 3 - 24 Seasonal Dissolved Oxygen Profiles 
Individual plots of monthly temperature and dissolved oxygen data for each 
reservoir further illustrate when stratification begins and ends. Stratification begins to 
occur strongly in the three reservoirs during the end of May and beginning of June.  
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Figure 3 - 25 June Temperature Profile - Lake Pleasant 
 
Figure 3 - 26 June Dissolved Oxygen Profile - Lake Pleasant 
Water temperatures remain below the lethal limits for D. bugensis in each of the 
three reservoirs during June. However, dissolved oxygen begins to show variation 
between Lake Pleasant and Saguaro Lake/Bartlett Lake. Dissolved oxygen remains high 
(near 6 mg/L) throughout the thermocline and into the hypolimnion in Lake Pleasant. In 
Saguaro Lake and Bartlett Lake dissolved oxygen drops significantly lower.  
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Figure 3 - 27 June Temperature Profile – Saguaro Lake 
 
Figure 3 - 28 June Dissolved Oxygen Profile – Saguaro Lake 
June 2008 and 2009 showed the largest decreases in dissolved oxygen in Saguaro 
Lake with concentrations dropping below 2 mg/L within 5 meters of depth. Bartlett Lake 
shows significantly more variation during June samples, with dissolved oxygen dropping 
to near 2 between 10 and 20 meters in depth before rising back up between 3-5 mg/L in 
all years except 2011, 2012, and 2014.  
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Figure 3 - 29 June Temperature Profile – Bartlett Lake 
 
Figure 3 - 30 June Dissolved Oxygen Profile – Bartlett Lake 
While most areas of the water column remain above dissolved oxygen 
concentration limits for D. bugensis, during lowest years sections of the water column in 
Bartlett Lake and Saguaro Lake would have been lethal for long term exposure. 
July shows an increase in temperature in all three reservoirs. Bartlett Lake shows 
the highest July temperatures, approaching 30° Celsius at the surface in warmer years. 
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Overall, average temperatures remain survivable throughout the water column of each 
reservoir in July.  
 
Figure 3 - 31 July Temperature Profile – Lake Pleasant 
 
Dissolved oxygen concentration in Lake Pleasant remains well above the lower 
limits of D. bugensis, with some sections of the water column (near 10 meters in depth) 
showing mixing to super saturated concentration.  
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Figure 3 - 32 July Dissolved Oxygen Profile – Lake Pleasant 
 
 
Figure 3 - 33 July Temperature Profile – Saguaro Lake 
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Figure 3 - 34 July Dissolved Oxygen Profile – Saguaro Lake 
 
Figure 3 - 35 July Temperature Profile – Bartlett Lake 
Saguaro Lake and Bartlett Lake show significantly greater reduction in dissolved 
oxygen concentration during July sampling events. During 2008, 2010, and 2012 
concentrations reached anoxic conditions within 10 meters in Saguaro Lake (2008 and 
2012 in Bartlett Lake). More significant stratification during July results in less favorable 
conditions for mussel survival in these two reservoirs.   
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Figure 3 - 36 July Dissolved Oxygen Profile – Bartlett Lake 
August sampling is characterized by the highest monthly temperatures and lowest 
dissolved oxygen at each site. Lake Pleasant and Bartlett Lake show slightly higher 
temperatures than Saguaro Lake, reaching above 30° Celsius at the surface of the 
epilimnion. Prolonged exposure to temperatures this high can be fatal to D. bugensis. 
 
 
Figure 3 - 37 August Temperature Profile – Lake Pleasant 
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Dissolved oxygen concentrations in Lake Pleasant generally remain above the 
lower limits of survival throughout the water column. Dissolved oxygen concentrations 
as low as 1.5 mg/L have been observed at the deepest portions of Lake Pleasant. 
However, most of Lake Pleasant’s water column remains suitable to D. bugensis due to 
higher levels of dissolved oxygen in deeper, cooler water. 
 
 
Figure 3 - 38 August Dissolved Oxygen Profile – Lake Pleasant 
 
Saguaro Lake shows similar temperature profile to Lake Pleasant but much lower 
dissolved oxygen, as shown in previous months. Saguaro Lake reaches anoxic conditions 
in water as shallow as 5 meters during August.  
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Figure 3 - 39 August Temperature Profile – Saguaro Lake 
 
 
Figure 3 - 40 August Dissolved Oxygen Profile – Saguaro Lake 
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Figure 3 - 41 August Temperature Profile – Bartlett Lake 
 
Bartlett Lake again echoes the trends observed in Saguaro Lake, reaching anoxic 
conditions within 10-15 meters of depth. High temperature in the epilimnion paired with 
low dissolved oxygen in the hypolimnion result in very little inhabitable area in the water 
column for D. bugensis spanning from late July to mid-August.  
 
Figure 3 - 42 August Dissolved Oxygen Profile – Bartlett Lake 
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September brings cooler temperatures to central Arizona resulting in water 
temperatures in the epilimnion dropping back down below the thermal maximum of D. 
bugensis. This is observed in all three reservoirs.  
 
 
Figure 3 - 43 September Temperature Profile – Lake Pleasant 
 
However, September shows the lowest dissolved oxygen concentrations in Lake 
Pleasant. Below depths of 30 meters dissolved oxygen can reach concentrations below 1 
mg/L, potentially fatal to D. bugensis populations settled in deeper spots in the reservoir.  
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Figure 3 - 44 September Dissolved Oxygen Profile – Lake Pleasant 
 
 
Figure 3 - 45 September Temperature Profile – Saguaro Lake 
 
Dissolved oxygen concentrations in Saguaro Lake and Bartlett Lake remain low 
through September. Although temperature drops back into tolerable range for D. bugensis 
throughout the water column, nearly 3 months of low dissolved oxygen and even anoxic 
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conditions in the hypolimnion paired with higher temperatures in the epilimnion would 
likely result in death to any veligers or adult mussels found in these reservoirs. 
 
 
Figure 3 - 46 September Dissolved Oxygen Profile – Saguaro Lake 
 
 
Figure 3 - 47 September Temperature Profile – Bartlett Lake 
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Figure 3 - 48 September Dissolved Oxygen Profile – Bartlett Lake 
 
October brings further cooling of water temperatures and begins to show autumn 
mixing in the water column of all three reservoirs. Epilimnion temperatures are reduced 
well below the thermal maximum of D. bugensis. 
 
 
Figure 3 - 49 October Temperature Profile – Lake Pleasant 
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Dissolved oxygen in Lake Pleasant remains low in October at depths below 40 
meters although most of the water column shows survivable concentrations. Data for 
October sampling events in Lake Pleasant is limited to 2009 and 2010. 
 
Figure 3 - 50 October Dissolved Oxygen Profile – Lake Pleasant 
Saguaro Lake is the most well mixed of the three reservoirs by October sampling. 
Temperatures show almost complete uniformity through the water column.  
 
Figure 3 - 51 October Temperature Profile – Saguaro Lake 
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However, dissolved oxygen remains poorly mixed with anoxic and near anoxic 
conditions existing below depths of 10 meters in most years in Saguaro Lake.  
 
Figure 3 - 52 October Dissolved Oxygen Profile – Saguaro Lake 
 
Figure 3 - 53 October Temperature Profile – Bartlett Lake 
Bartlett Lake shows the highest degree of stratification in October sampling 
events in both temperature and dissolved oxygen. Temperature is well within survivable 
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limits of D. bugensis throughout the water column while dissolved oxygen remains 
nearly anoxic below depths of 20 meters. 
 
Figure 3 - 54 October Dissolved Oxygen Profile – Bartlett Lake 
 
Following cooler temperatures in October, all three reservoirs begin to show 
autumn turnover. This results in well mixed water columns that show consistent 
temperature and dissolved oxygen concentration throughout the epilimnion and 
hypolimnion beginning in November. Maximum homogeneity occurs in January in all 
three reservoirs, creating favorable conditions for mussel spawning and survival. These 
conditions continue until stratification begins in late April. 
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Figure 3 - 55: January Temperature Profile – Lake Pleasant 
 
 
Figure 3 - 56: January Dissolved Oxygen Profile - Lake Pleasant 
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Figure 3 - 57: January Temperature Profile - Saguaro Lake 
 
 
 
Figure 3 - 58: January Dissolved Oxygen Profile - Saguaro Lake 
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Figure 3 - 59: January Temperature Profile - Bartlett Lake 
 
Figure 3 - 60: January Dissolved Oxygen Profile - Bartlett Lake 
While all three reservoirs show similar temperature profiles, it is their dissolved 
oxygen profiles that distinguishes Lake Pleasant from Saguaro Lake and Bartlett Lake. 
As dissolved oxygen in much of Saguaro Lake and Bartlett Lake exists in concentrations 
below survivable limits of D. bugensis in the hypoliminion, especially during summer 
months that feature warm temperatures in the epilimnion, it is likely that dissolved 
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oxygen limitation is reducing the probability of infestation in these two reservoirs. 
Survival in the epilimnion in all three reservoirs is potentially reduced during warmer 
month as a result of prolonged exposure to temperatures near the thermal maximum of D. 
bugensis. However, in Lake Pleasant, dissolved oxygen concentration remains high 
enough in the hypolimnion to allow survival. Although dissolved oxygen is reduced in 
September and October, by this time epilimnion temperatures have cooled. In Saguaro 
Lake and Bartlett Lake, dissolved oxygen concentration drops below survivable limits, 
severely reducing survivable depth in the water column to a small band within the 
thermocline.   
The variation in dissolved oxygen concentration between Lake Pleasant and 
Saguaro Lake/Bartlett Lake can be explained by variation in primary production between 
these reservoirs. The trophic structures of Saguaro Lake and Lake Pleasant were 
compared by Sawyer, 2011. Sawyer indicated that Lake Pleasant features much lower 
levels of primary production compared to Saguaro Lake. One result of increased primary 
production can be decreased dissolved oxygen content in the hypolimnion. Elevated 
turbidity caused by algae blooming in the epilimnion causes light to extinguish in 
shallower depths. Darkness in the hypolimnion results in higher levels of respiration in 
and ultimately large drops in dissolved oxygen (Dodds & Whiles, 2002).   
 Probability of transfer of veligers and adult D. bugensis is highest during 
warmer months as more recreational boaters are travelling to reservoirs for recreational 
activities. This time period corresponds to least favorable conditions for survival. 
However, it is important to continue to enforce quarantine and proper decontamination of 
watercraft because during well mixed winter conditions survival is possible throughout 
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the water column. Additionally, research has shown increased thermal tolerance in North 
American populations of D. bugensis when compared to European populations, 
indicating that adaptation to environmental conditions does occur (Mills et al, 1995). 
Further experimentation can be done to mimic the dissolved oxygen and temperature 
conditions at various depths in each reservoir to see firsthand the effects of these 
parameters on D. bugensis in isolated systems.  
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CHAPTER 4 
CONCLUSIONS 
 Through laboratory experimentation and observations of long term trends in field 
sampling measurements, the infestation of D. bugensis in Arizona’s reservoirs can be 
better understood. The likelihood of the spread of D. bugensis being controlled by a 
factor of water chemistry or microbial activity is unlikely as illustrated by consistent 
survival of settled adults in water samples collected from Lake Pleasant, Saguaro Lake, 
and SRP canals. The differences in conductivity, salinity, dissolved organic carbon, and 
UV 254 do not indicate unfavorable conditions for D. bugensis settlement. Nutrient 
levels, pH, and hardness do not indicate unfavorable conditions either. Heterotrophic 
plate count bacteria seem to be present in similar numbers, with no unexplained fatalities 
between CAP, Saguaro Lake, and Bartlett Lake water seeming to indicate no major 
differences in microbial populations that could potentially infect D. bugensis populations 
introduced into these lakes.  
 Spawning remains an unexplained topic that requires more research. The inability 
to spawn specimens collected from Lake Pleasant in Lake Pleasant water was much 
unexpected given current reproducing populations in Lake Pleasant seemingly 
uninhibited in the environment. This is especially unexpected given the high success rate 
of the methodology used in previous experiments at UNLV. Water temperature during 
time of collection may have played a major factor in physically stressing mussels used in 
the experiment. Further research will need to be done on this topic.  
 Calanoid copepod predation does not appear to be a limiting factor in the spread 
of D. bugensis. Calanoid copepods were found in Lake Pleasant, where infestation 
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currently exists, but not found in Saguaro Lake or Bartlett Lake, which remain 
uninfested. It would not be possible for copepods to eliminate introduced veligers from 
either of these reservoirs since they were not found in either of them. D. bugensis 
populations in Lake Pleasant also seem to survive and reproduce without issue even in 
the presence of Calanoid copepods within the reservoir. 
 Studying dissolved oxygen and temperature profiles throughout the year seems to 
provide the most plausible explanation as to why D. bugensis has not yet been seen in 
Saguaro Lake or Bartlett Lake. Both of these reservoirs show significant reduction in 
dissolved oxygen during summer stratification lasting from June through September. 
While temperature profiles for these reservoirs are very similar to Lake Pleasant due to 
close geographic proximity and identical climates, dissolved oxygen profiles are very 
different. This results from higher primary production occurring Saguaro Lake and 
Bartlett Lake. The drop of dissolved oxygen concentration in the hypolimnion below 
survivable limits of D. bugensis paired with high temperatures in the epilimnion reaching 
the upper limits of survival create unfavorable conditions for survival. Long term 
exposure to these temperatures and dissolved oxygen concentrations lasting from June 
through September has the potential to eliminate any veligers or adult mussels introduced 
into these reservoirs on an annual basis.  
It is important to note that even during August and September, which show the 
least favorable conditions for survival, there are still sections of the water column within 
the thermocline that show potential survivable dissolved oxygen and temperature 
conditions for D. bugensis. The importance of enforcing proper decontamination of 
watercraft prior to travel between reservoirs cannot be understated. While unfavorable 
76 
 
dissolved oxygen and temperature conditions in Saguaro Lake and Bartlett Lake can 
reduce the likelihood of infestation by D. bugensis, the best way to prevent an infestation 
is still prevention of the overland transfer of live veligers and adult mussels. Populations 
of D. bugensis and D. polymorpha have been shown to acclimate to environmental 
conditions in regions where they are introduced and it is not unlikely that southwestern 
populations could become more resilient to higher temperatures and lower dissolved 
oxygen concentrations seen in Saguaro Lake or Bartlett Lake in the future. 
Future research on this topic could include laboratory replication of 
environmental dissolved oxygen and temperature conditions to study mortality more 
closely. Field sampling could also be done to explore dissolved oxygen and temperature 
conditions in the thermocline in more detail. On a more biological side, examination of 
predator-prey interaction between southwestern species and D. bugensis could also be 
researched. 
Overall this research shows the importance of long term ecological sampling in 
understanding the spread of invasive species and the way that environmental factors 
influence survival. This research also shows potential in the control of D. bugensis 
through management of reservoir levels. By reducing reservoir water levels to shallower 
depths high epilimnion temperatures can be used to kill D. bugensis populations. The 
importance of trophic interactions were also shown. Ecological management to 
temporarily increase primary production could prove to be a method of removing D. 
bugensis.   
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Figure A- 1: Lake Pleasant Sampling  Site 
 
Figure A- 2: Saguaro Lake Sampling Site 
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Figure A- 3: Bartlett Lake Sampling Site 
 
Figure A- 4: CAP Canal Sampling Site 
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Figure A- 5: SRP Canal Sampling Site 
 
Figure A- 6: Regional Map 
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Figure B- 1: CAP Canal Sampling Site at Waddell Canal 
 
Figure B- 2: SRP Canal Sampling Site at Granite Reef Dam 
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Figure B- 3: Lake Pleasant Sampling Site at Lake Pleasant Harbor 
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Figure B- 4: Bartlett Lake Sampling Site near Bartlett Lake Marina 
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Figure B- 5: Saguaro Lake Sampling Site near Saguaro Lake Boat Launch 
 
Figure B- 6: Adult Survival Experiment Apparatus 
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Figure B- 7: D. bugensis Specimens Being Measured 
 
Figure B- 8: D. bugensis Specimens in Model Canal 
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Figure B- 9: Spawning Experiment 
 
 
Figure B- 10: Specimen Filtering Water 
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Figure B- 11: Calanoid Copepod Collected from Lake Pleasant 
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AZGFD – Arizona Game and Fish Department 
CAP – Central Arizona Project 
mg/L – Milligrams Per Liter 
PPM – Parts Per Million 
PPT – Parts Per Thousand 
SRP – Salt River Project 
SUVA – Specific UV Absorbance  
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